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Objective: Secure ﬁxation of endovascular stent grafts is essential for successful endovascular aneurysm repair. Hemo-
dynamic distraction forces are generated by blood pressure and blood ﬂow and act against ﬁxation force to encourage
migration that may eventually lead to late stent graft failure. The aim of this in silico study was to determine which
morphologic features were associated with greater distraction force.
Methods: Computer models of 54 in situ fenestrated stent grafts were constructed from postoperative computed to-
mography scans by use of image processing software. Computational ﬂuid dynamic analysis was then performed by use of
a commercial ﬁnite volume solver with boundary conditions representative of peak systole. Distraction force results were
obtained for each component of the stent graft. Distraction force was correlated with lumen cross-sectional area (XSA) at
the inlet and outlet of components and was compared between groups of components, depending on the magnitude of
four predeﬁned angles within the aortoiliac territory that we describe in detail.
Results: Median total resultant distraction force (RDF) acting on the fenestrated proximal bodies was 4.8N (1.3-15.7N);
bifurcated distal bodies, 5.6N (1.0-8.0N); and limb extensions, 1.7N (0.6-8.4N). Inlet XSA exhibited strong, positive
correlation with total RDF in proximal body and distal body components (Spearman correlation coefﬁcient r, 0.883 and
0.802, respectively). Outlet XSA exhibited a similarly strong, positive correlation with total RDF in limb extension
components (r, 0.822). Outlet angulation $45 degrees was associated with greater total RDF in the limb extension
components only (P [ .004).
Conclusions: For a given blood pressure, XSA was the most important morphologic determinant of total RDF. Angulation
within the aorta was not large enough to inﬂuence this, whereas iliac angulation affecting outlet angulation of limb
extension components was associated with signiﬁcantly greater total RDF. (J Vasc Surg 2014;60:1648-56.)
Clinical Relevance:Distraction force acts against endovascular ﬁxation to provoke stent graft migration. These blood ﬂow
simulations describe the relationship between morphologic features of the aortoiliac vessels and distraction force. A
greater understanding of this relationship may help avoid endovascular solutions that carry a high risk of migration. In
some cases, this may mean an alternative choice of seal zone or even device. In others, it could lend support to an open
surgical approach or to a more intensive follow-up regimen.Fenestrated endovascular aneurysm repair provides a of all components within the aorta and iliac arteries is
less invasive alternative to open surgery for the treat-
ment of abdominal aortic aneurysms with challenging
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8essential for successful repair.
Clinical studies of standard stent grafts have linked
large diameter and highly angulated aneurysm necks to
stent graft migration, type I endoleak, and higher rates of
secondary interventions.1-8 A possible cause of this is the
adverse effect that these unfavorable morphologic features
have on stent graft ﬁxation. In addition to this, analytical
models based on the principles of continuity (conservation
of mass) and linear momentum9 show that these same fea-
tures also affect hemodynamic distraction forces acting
against ﬁxation force in situ.10-12 Hemodynamic distraction
forces are generated by blood pressure and blood ﬂow and
encourage migration of the stent graft. Following Mohan
et al,11 it can be shown that neglecting gravity forces, the
sum of distraction forces in the axial (ﬂow) direction in a
simpliﬁed bifurcated tube (Fig 1) is equal to the change
of ﬂuid momentum in the axial direction:
P1A12P2A2 cosqDF ¼ rQ

U2
2
cosqþU2
2
cosqU1

(1)
Fig 1. Analytical model for distraction force (DF) in a simpliﬁed
bifurcated tube.
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sectional area (XSA), and velocity at the inlets and outlets;
r is the ﬂuid density; q is the outlet angulation (in Fig 1,
this is equal to half the bifurcation angle); and DF is the
axial component of the force exerted by the bifurcation
on the ﬂuid. Q represents the volume ﬂow rate (A1U1).
If the Bernoulli and continuity equations10,11,13 are used
to relate the inlet and outlet pressures and velocities,
distraction force (DF) is determined by inlet pressure
(P1), inlet XSA (A1), blood density (r), inﬂow velocity
(U1), outlet XSA (A2), and outlet angle (q):
DF ðN Þ ¼ P1A1 þ rA1U 21  r
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The only term not represented is viscosity. Because this
as well as blood density is relatively constant, the impact of
morphologic features (A1, A2, and q) can be assessed by
keeping the remaining factorsdinlet volume ﬂow rate
(A1U1) and pressuredconstant. Analytical models such as
Equations 1 and 2 provide a one-dimensional solution to
distraction force analysis in idealized geometry. In contrast,
computational ﬂuid dynamics (CFD) enable distraction
force to be deﬁned for complex, patient-speciﬁc anatomy.
If distraction force overcomes ﬁxation force in a fenes-
trated proximal body, migration carries the added risk of
visceral vessel loss as well as type Ia endoleak, aneurysm
expansion, and subsequent rupture. One core laboratory
analysis of fenestrated stent grafts noted a 22% incidence
of proximal body migration of 4 mm or more at 36 months
of follow-up.14 The same study found migration of the iliac
limb with the associated risks of stenosis, occlusion, and
type Ib endoleak in 8% of cases. Movement at the
proximal-distal body junction of more than 10 mm was re-
ported in 13% of patients in a similar analysis.15 Although a
minor degree of component distraction involving the distalbody may offer some protection from migration to the
visceral vessels, excess movement could cause a type IIIa
endoleak, which may also ultimately lead to aneurysm
expansion and rupture.
The aim of this study was to use CFD to determine
distraction force for each component of 54 fenestrated
stent grafts. Morphologic features such as vessel XSA and
angulation were measured and related to the magnitude
and direction of distraction force. Greater understanding
of the relationship between vessel morphology and distrac-
tion force may help identify patients at high risk of stent
graft failure and inform decisions about treatment options
or the follow-up regimen.
METHODS
There were two main stages involved in the process of
obtaining distraction force results for fenestrated stent graft
components in patient-speciﬁc anatomy. Stage one
involved the construction of computer models from the
ﬁrst available post-deployment arterial phase contrast-
enhanced computed tomography (CT) scan. In stage
two, blood ﬂow simulations were performed on the models
with use of CFD software.
The model construction stage was further divided into
two distinct steps: image processing, in which pixels of in-
terest were painted or “segmented” from the background
image; and meshing, in which the segmented parts were
converted into a three-dimensional computer model con-
sisting of smaller tetrahedral elements.16 Both of these
steps were performed with commercially available software
(ScanIP; Simpleware Ltd, Exeter, UK).
Image processing. A region of interest (ROI) repre-
sentative of the aortoiliac lumen was segmented from the
reconstructed CT images on the basis of sampled gray-
scale density of the arterial contrast. Metal noise from
markers and visceral stents was manually removed before
the image pixel size was resampled to 0.4 mm and
smoothed. The lumen was then duplicated and enlarged
before subtraction of the original to produce an ROI that
completely enveloped the lumen. This enveloping ROI was
edited with computer-aided design tools to produce
further ROIs for each of the main components of the
fenestrated repair (Fig 2). The stent framework is shown in
Fig 2 only to illustrate the landmarks used to create the
ROIs. It was not included in the eventual model.
Meshing. Vessel lumen and component ROIs were
converted into computer models by a free mesh algorithm
that automatically chose small elements to preserve ﬁne
detail and large elements to reduce complexity in areas
where detail was not required (ie, the center of the lumen).
There were approximately 1.4 million tetrahedral elements
per model.
The intersection of lumen and the proximal extent of
the image was assigned as the model inlet. Model outlets
were assigned to all patent major aortic branches including
celiac axis, superior mesenteric artery, left and right renal ar-
teries, and left and right internal and external iliac arteries.
The interface between lumen and model background
Fig 2. Regions of interest (ROIs) for fenestrated stent graft components. A, Proximal body (blue). Inlet: upper margin
of proximal gold radiopaque fabric marker (PGM). Outlet: lower margin of distal gold radiopaque marker (DGM). The
ROI is cropped perpendicular to stent rows (white arcs) in each case. Fenestrations are “cut” according to the position
of the gold radiopaque markers. S, Scallop for superior mesenteric artery; F1, small fenestration for left renal artery. B,
Distal body (green). Inlet: upper margin of proximal gold radiopaque marker (PGM) with ROI cropped perpendicular
to ﬁrst seal stent (white arc). Outlet: lower extent of the radiopaque “tick” marker (TM) perpendicular to the last stent
of the contralateral gate and perpendicular to the distal seal stent of the ipsilateral limb (white arcs). C, Limb extension
(orange). Inlet: perpendicular to the upper extent of the proximal seal stent (PS). Outlet: perpendicular to the lower
extent of the distal seal stent (DS). The lumen is shown in red. The arrows indicate directions in which force results were
obtained: x (red arrow), y (green arrow), z (blue arrow).
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the interface between lumen and component ROI provided
a rigid representation of the stent graft. No slip was possible
between wall and ﬂuid.
CFD. Models were exported into a ﬁnite volume
solver (FLUENT v6.2; ANSYS Inc, Canonsburg, Pa) for
simulation of blood ﬂow at steady state assuming laminar
ﬂow. CFD uses numerical methods to solve the Navier-
Stokes equations, which are the governing equations of
ﬂuid motion. No morphologic data were inputted for the
simulations, but boundary conditions were deﬁned and
remained constant for each model. The proximal extent of
the lumen was assigned as the inlet, where conditions were
chosen to represent peak systole in the supraceliac aorta at
rest. This included a constant pressure of 160 mm Hg and
a constant volume ﬂow rate of 1.323  104 m3/s.17
Outlet weighting was assigned to major outlet vessels to
represent the division of blood ﬂow at rest,18 and blood
was represented by a newtonian ﬂuid with viscosity
0.0033 Pa.s and density 1098 kg/m3.
Distraction force results were obtained for each
component in three directions: z, axial forces in the caudal
direction; x, right lateral forces; and y, posterior forces
(Fig 2). These forces were used to calculate total resultantdistraction force (RDF). The term out-of-plane forces was
used to refer to the contribution of x and y directional force
to total RDF. Total RDF comprised forces derived from
blood pressure and blood ﬂow (viscous friction).
Validation of this approach is described in the
Appendix, online only.
Measurement of morphologic features. The XSA of
the inlet and outlet of each component was obtained from
FLUENT v6.2, with the exception of the limb extension
inlet. The proximity of the two limbs at this position
made measurement difﬁcult, and XSA was instead calcu-
lated from three-dimensional reconstructions in ScanIP
using average diameter. For the bifurcated distal body
component, outlet XSA was the sum of left and right outlet
XSAs. The inlet:outlet ratio was calculated by dividing the
inlet XSA with that of the (combined) outlet.
Measurement of angles was performed in ScanIP. A
central luminal line was created to guide the placement
of a computerized caliper. Angles within each model
were measured in coronal and sagittal elevation by applying
two-dimensional calipers onto the three-dimensional im-
age. Image manipulation was standardized by selecting
the elevation required and expanding the image to ﬁll a
24-inch computer monitor in portrait orientation.
Fig 3. Angle measurement of one distal body in coronal and sagittal elevation. PB, Proximal extent of proximal body
component; ql, left outlet angle (demonstrated in sagittal elevation only); qr, right outlet angle.
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tral luminal line as possible, with each covering at least the
length of the respective seal stent.
Four different types of angles were measured in both
coronal and sagittal elevation (Fig 3).
a angle: the angle between the axis of blood ﬂow at
the proximal body inlet from that of the aorta imme-
diately above.
b angle: the angle between the axis of blood ﬂow in
the aneurysm lumen from that of the visceral aorta.
(Because of the effect of the stent graft on the native
vessels, the b angle was usually observed at the junc-
tion between proximal and distal bodies.)
a and b angles are approximations of the angles
described by the Society for Vascular Surgery and
the American Association for Vascular Surgery.19
Here they have been extrapolated for use in juxtare-
nal aneurysm anatomy and have been measured for
each patient-speciﬁc model.
q angle: the angle between the axis of blood ﬂow at
the outlet of a component in relation to its inlet.
Separate q angles were measured for the outlets of
each proximal body, distal body, and limb extension
component. Only the distal body q angle is illus-
trated in Fig 3.Bifurcation angle: the angle between two outlets of
the bifurcated distal body.
Inclusion criteria. All patients who received fenes-
trated endovascular aneurysm repair at our institution be-
tween January 2006 and October 2011 were included in
the study. The study protocol was approved by the
Regional Ethics Committee. Further speciﬁc informed
consent was waived.
Exclusion criteria. Patients without postoperative
arterial phase contrast-enhanced CT scans were excluded.
Individual components in which stents or gold markers
were not visible or were obscured such that the inlet or
outlet could not be identiﬁed were also excluded.
Statistical analysis. The correlation between cross-
sectional surface area and total RDF was assessed by
Spearman rank correlation coefﬁcient (r). Components
were grouped according to the presence of a, b, q, or
bifurcation angles <45 degrees or $45 degrees. Total
RDF in each group was compared by Mann-Whitney U
test. Comparison between components of the same stent
graft was performed by Wilcoxon signed-rank test.
RESULTS
Fifty-nine consecutive patients were treated with fenes-
trated endovascular aneurysm repair between January 2006
Table. Morphologic features of stent graft components
Component Proximal body Distal body Limb extension
N 54 52a 62
Inlet XSA, mm2 349.5 (111-907) 380.5 (160-501) 68.5 (44-104)
Outlet XSA, mm2 163.5 (57-356) 74 (23-393) 100 (25-400)
Combined outlet XSA, mm2 d 156 (40-434) d
Inlet:outlet ratio 1.95 (0.77-15.91) 2.29 (0.72-9.98) 0.71 (0.17-2.86)
q angle, degrees 17 (0-69) 21 (0-89) 38 (2-116)
n (<45/$45) 45/9 25/27 24/38
Bifurcation angle, degrees d 25.5 (0-85)b d
n (<45/$45) d 36/14 d
q angle, Outlet angle; XSA, cross-sectional area.
Values are given as median with range in parentheses.
aOne stent graft was a custom-made one-piece bifurcated fenestrated main body; another was a fenestrated tube graft only.
bTwo early ipsilateral limb occlusions therefore n ¼ 50.
Fig 4. Correlation between inlet cross-sectional area (XSA) and
total resultant distraction force (RDF).
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no postoperative CT scans were available. Another patient
had no postoperative imaging with arterial phase contrast.
Five limb extensions from two separate patients were
excluded because overlay of the components prevented
positive identiﬁcation of inlets or outlets.
Median total RDF acting on the proximal bodies was
4.8N (range, 1.3-15.7N); distal bodies, 5.6N (range,
1.0-8.0N); and limb extensions, 1.7N (range, 0.6-8.4N).
The median viscous force was 0.46% of total RDF (range,
0.05%-11.76%). This was inversely proportional to the
overall magnitude of total RDF (Spearman correlation co-
efﬁcient r, 0.690; P < .01) so that the smaller the total
RDF, the greater the contribution of viscous friction.
Pressure-derived forces were the predominant contributor
to the total RDF, comprising 88.24% to 99.95%.
Out-of-plane forces contributed a median 44% (range,
4%-99%) of total RDF in proximal bodies, 51% (12%-100%)
in distal bodies, and 94% (36%-100%) in limb extensions.
Morphologic features
The Table displays median XSA and angulation for all
stent graft components.
XSA. Inlet XSA showed a strong positive correlation
with total RDF in proximal bodies (r, 0.883) and distal
bodies (r, 0.802); both values were signiﬁcant to P <
.01 (Fig 4).
In the limb extension components in which the outlet
was predominantly larger than the inlet (Table; inlet:outlet
ratio, 0.71; range, 0.17-2.86), there was no correlation be-
tween inlet XSA and total RDF (r, 0.179). This was the
only component for which outlet XSA correlated signiﬁ-
cantly with total RDF (r, 0.822; P < .01). Outlet XSA
did not correlate with total RDF in any other component.
However, inlet:outlet ratio did show a moderate positive
correlation with total RDF in the proximal and distal
bodies (r, 0.756 and 0.540; P < .01). In limb extensions,
the correlation between inlet:outlet ratio and total RDF
was negative (r, 0.756; P < .01).
Angle measurements. Median a angle in both coronal
and sagittal planes for the 54 aortas after stent graft deploy-
ment was 8 degrees (range, 0-38 degrees). There were noa angles greater than the 45-degree maximum stated in the
manufacturer’s instructions for use (IFU).
Median b angle was 13 degrees (range, 0-58 degrees).
Four of the 54 aortas had b angles greater than the
maximum 45 degrees stated in the IFU. There was no sig-
niﬁcant difference in median total RDF in those proximal
bodies deployed out of IFU compared with those within
IFU (4.6N, range 3.4-7.7N vs 4.8N, range 1.3-15.7N;
P ¼ .911).
Stent graft components were also grouped according
to outlet (q) angle and compared. There were no signiﬁ-
cant differences in total RDF between proximal and distal
bodies in either angulation group; however, the 38 limb
extensions with q angle $45 degrees were exposed to
signiﬁcantly higher forces than the remaining 24 with q
angle <45 degrees (median total RDF 2.1N, range 0.9-
8.4N vs 1.4N, range 0.6-4.6N; P ¼ .004; Fig 5).
Fig 5. Comparison of total resultant distraction force (RDF) be-
tween outlet (q) angle groups in stent graft components. The boxes
represent median total RDF and interquartile range.Whiskers: 95%
conﬁdence interval; o, outlier at 95% conﬁdence interval. *Outlier
at 99% conﬁdence interval. aIndicates signiﬁcance to P < .01,
Mann-Whitney U test.
Fig 6. Plot of total resultant distraction force (RDF) normalized
by the product of inlet pressure (Pres) and cross-sectional area
(XSA).
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$45 degrees. These were exposed to slightly greater total
RDF compared with those <45 degrees (n ¼ 36),
although the difference did not reach signiﬁcance (median
total RDF 5.7N, range 2.5-8.0N vs 5.4N, range 1.0-7.1N;
P ¼ .503).
DISCUSSION
Understanding of the factors affecting distraction
forces in fenestrated stent grafts is essential to mitigate
the risk of migration. CFD analysis is currently the best
way of obtaining these data for patient-speciﬁc anatomy
because in vivo studies are not possible and bespoke
in vitro physical models provide less information and are
more difﬁcult to construct.
Inlet XSA displayed the strongest correlation with total
RDF in proximal body and distal body components. This
relationship was approximately linear and is supported by
one-dimensional analytical models based on conservation
of linear momentum.10-12 The same models show a similar
relationship between inlet diameter (d) and total RDF
because p(d/2) ¼ inlet XSA. Inlet diameter would there-
fore also correlate with total RDF in patient-speciﬁc models
as long as the lumen was approximately circular in cross
section. This provides a possible explanation for the earlier
clinical link made between large-diameter aneurysm
necks and stent graft migration, type I endoleak, and rein-
tervention.1-3,5-8 In the current study, inlet XSA was usedbecause of its greater accuracy in describing realistic
morphology. Fig 6 shows that inlet XSA is not the only
contributory factor in determining distraction force at a
given blood pressure. If this were the case, all stent graft
components would be distributed around a horizontal
straight line. The variation is greatest for the limb extension
component.
Previous CFD studies have considered the stent graft as
a single piece20-22 or have divided the stent graft into arbi-
trary territories and in doing so biased results, depending
on the XSA at the choice of inlet position.23 The current
study is the ﬁrst to consider an endovascular repair in terms
of its component parts. Given the potential for each
component to move and the importance of inlet XSA in
determining total RDF, this approach is vital to achieve ac-
curate results. It also enables ﬁxation force derived from
ex vivo and cadaveric pullout studies24-26 to be compared
with component-speciﬁc total RDF to predict stent graft
failure. For a proximal body, up to 5 mm of migration
has been observed experimentally in a bovine aorta with
forces in excess of 4.3N.25 Migration is then arrested by
full engagement of the barbs within the aortic wall. The
addition of one stented fenestration increased this initial
ﬁxation force to 11.5N, after which a further 17N to
39N was required for complete displacement.25 In the cur-
rent numerical simulations with constant pressure of
160 mm Hg, two proximal bodies were exposed to distrac-
tion forces greater than the initial ﬁxation force of 11.5N.
Both these components had two stented fenestrations,
whichdcombined with one scallopdwas the most com-
mon conﬁguration used in 30 of the 54 stent grafts. The
actual ﬁxation force acting on these components may
Fig 7. Total resultant distraction force (RDF) in (A) proximal body (blue), x force ¼ 0.6N (not shown) and (B) limb
extension (orange), x force ¼ 0.2N (not shown). Images are shown in sagittal elevation. Note that in each case, total
RDF acts in the direction in which migration occurs and is approximately orthogonal to the relevant seal zone.
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contrast, the distal body of a fenestrated stent graft relies
on the radial force of its sealing stents alone and has a ﬁx-
ation force of approximately 6.5N.27 Eleven distal bodies
were exposed to distraction forces greater than this.
No limb extensions were exposed to distraction forces
in excess of the approximate 9.6N distal ﬁxation force.26
Migration of limb extension components usually occurs
in a cranial direction from the distal seal zone.14 By consid-
ering total RDF for each component rather than for the
stent graft as a whole, the reason for this can be explained:
signiﬁcantly higher q angulation in the limb extensions
compared with the proximal bodies (median 38 degrees
vs 17 degrees; P < .01, Wilcoxon signed-rank test) led
to signiﬁcantly higher contribution of out-of-plane forces
(94% vs 44%; P < .01, Wilcoxon signed-rank test). The
typical total RDF was therefore seen to act in a more ante-
roposterior or lateral direction (ie, more orthogonal to the
position of the distal seal zone in the iliac arteries). In addi-
tion to this, the limb extension outlet was usually larger
than the inlet (median inlet:outlet ratio, 0.71; range,
0.17-2.86), causing pressure-derived forces (and thereby
total RDF) to reverse and to act in the opposite direction
to blood ﬂow (Fig 7). Under these conditions, the compo-
nent outlet assumed primary importance as the main deter-
minant of force magnitude.Limb extension components were the only component
for which the q angle was signiﬁcantly associated with
greater total RDF. We did not see evidence of a depen-
dence of proximal or distal body RDF on q angle, possibly
because there were smaller angles encountered in these
components owing to their being situated predominantly
within the straighter territory of the aorta as opposed to
the iliac vessels. If we had more subjects, a dependence
might have been evident (type II error). Previous analytical
and CFD analyses have attempted to quantify the impact of
angulation on force, with very little effect observed for
smaller angles.12,20,28
Deﬁning the relationship between morphologic fea-
tures and distraction force may be useful in the planning
stage before endovascular aneurysm repair. The ability to
predict the distraction force affecting a particular compo-
nent in patient-speciﬁc anatomy could inﬂuence the choice
and design of device or the intended position of seal. Pre-
vious work from our unit suggests that iliac tortuosity and
therefore possibly outlet angulation may be reduced after
standard endovascular aneurysm repair.29 Conversely, the
diameter of the proximal seal zone may increase by approx-
imately 2 mm in the ﬁrst 2 years.30 If similar changes are
observed after fenestrated endovascular aneurysm repair,
it is conceivable that simulations based on models con-
structed from preoperative imaging with computer-aided
JOURNAL OF VASCULAR SURGERY
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rate predictions of distraction force to be made before
deployment. This could assist the clinician to choose alter-
native treatment modalities in high-risk morphology or to
ensure close follow-up of stent grafts exposed to greater
distraction force.
Limitations. Limitations of this CFD study include
the use of a steady-state blood ﬂow rather than pulsatile
ﬂow. Previous experience with experimental models sug-
gests that results are <10% higher at any given time along a
pulse wave in pulsatile ﬂow models compared with steady-
state models31 (Appendix, online only).
The current results represent a ﬂow analysis of the ﬂuid
domain only. No biomechanical characteristics of the aortic
wall or aneurysm sac were modeled. Previously published
ﬂuid/structure interactions have shown that inclusion of
aortic wall compliance led to an increase in distraction force
but with variable results.12,32 High pressure within the
aneurysm sac (ie, conditions similar to endoleak) was
shown to reduce distraction force.23,33
There are three limitations to our study design that were
likely to have caused only minimal effect on distraction force
results because of the insigniﬁcant contribution of viscous
friction force (typically <1% of total RDF). These were
the use of a newtonian ﬂuid model, which was only an
approximation of in situ conditions; the assumption that
all forces are transmitted through the overlapping parts of
the stent graft (this was an oversimpliﬁcation, and in reality
only pressure force is likely to be transmitted to those seg-
ments of a component not in direct contact with blood
ﬂow); and the exclusion of visceral stents from the stent graft
models due to limitations in CT imaging resolution. We
acknowledge that visceral stents would have affected the ﬁx-
ation force of an individual proximal body, but their inclu-
sion would only have likely led to more realistic local
velocity proﬁles and a consequently small change to the
viscous force, which we have already shown is negligibly
small in comparison to pressure-derived forces.
More than half of the patient cohort was hypertensive;
therefore, an inlet pressure of 160 mm Hg was used for all
simulations. Constant pressure was essential to investigate
the effect of morphologic features on total RDF, but this
meant that the results did not reﬂect each patient-speciﬁc
blood pressure. A selection of simulations were carried
out at 140 mm Hg, whereby the 20 mm Hg pressure dif-
ference led to a consistently lower total RDF. Equation 3
deﬁnes the effect of blood pressure on distraction force.
Viscous force was independent of arterial pressure and
remained constant.
Total RDF at 140mmHg ¼ ðpressure force at 160mmHg
0:875Þþ viscous force
(3)
This simple numerical equation was correct to a median
error of <0.5% compared with the results for the CFD sim-
ulations at 140 mm Hg. Median total RDF at this lowerblood pressure would have been approximately 4.2N for
proximal body components, 4.9N for distal bodies, and
1.5N for limb extensions. These ﬁndings suggest that con-
trol of hypertension should remain an important objective
even after aneurysm exclusion.
CONCLUSIONS
This study has demonstrated a technique to obtain
distraction force results for individual components of a
fenestrated stent graft in patient-speciﬁc anatomy with
use of CT images and CFD.
At a given blood pressure, the most important
morphologic determinant of total RDF was XSA (inlet
for proximal and distal bodies, outlet for limb extensions).
No angles within the aorta were large enough to affect
the total RDF. Angulation was associated with signiﬁcantly
greater force only in iliac limb extension components.
We would like to thank the anonymous reviewers for
their careful reading of this manuscript and their construc-
tive comments.
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Volume 60, Number 6 Jones et al 1656.e1APPENDIX (online only). Benchmarking of
computational ﬂuid dynamic technique
A simple bifurcated tube was constructed in ScanIP
(Simpleware Ltd, Exeter, UK) and imported into
FLUENT (ANSYS Inc, Canonsburg, Pa) for computa-
tional ﬂuid dynamic (CFD) analysis. The results were
benchmarked against those obtained with the analytical
model (Equation 2) and were found to agree to better
than 2%. The slightly higher results with the CFD model
were in part due to the inclusion of viscous friction forces.Supplementary Fig (online only). Comparison between d
methods at 0.1-second intervals along a pulse wave. CFD, CFurthermore, compared with distraction force results ob-
tained with an experimental desktop model of the same
bifurcated tube under physiologic pulsatile ﬂow condi-
tions,31 the difference was largest at peak systole because
of the inertial effect of the pressure waveform but was al-
ways less than 10%, as shown in the Supplementary Fig
(online only). Thus, time-dependent effects on the distrac-
tion force are small compared with the other variables. The
excellent agreement between these approaches justiﬁed the
use of steady-state CFD analysis in the current study.istraction force (DF) results obtained by three different
omputational ﬂuid dynamics.
